Development of prognostic biomarkers for the detection of prenatally damaged neurons before manifestations of postnatal disorders is an essential step for prevention and treatment of susceptible individuals. We have developed a versatile fluorescence reporter system in mice enabling detection of Heat Shock Factor 1 activation in response to prenatal cellular damage caused by exposure to various harmful chemical or physical agents. Using an intrautero electroporationmediated reporter assay and transgenic reporter mice, we are able to identify neurons that survive prenatal exposure to harmful agents but remain vulnerable in postnatal life. This system may provide a powerful tool for exploring the pathogenesis and treatment of multiple disorders caused by exposure to environmental stress before symptoms become manifested, exacerbated, and/or irreversible.
cerebral cortex | development | environmental stress | heat shock signaling | reporter P renatal exposure to numerous harmful factors, ranging from chemicals and infectious agents to genetic defects, can injure developing brain cells. Most cells have intrinsic systems enabling adaptation against such damage by achieving new steady states that preserve function and viability (1) . However, if the adaptive capability of individual cells is overcome by the strength of the external insult, they can be irreversibly damaged, resulting in functional defects that ultimately present as clinical deficits. A more complete understanding of the early molecular events in affected cells is required to facilitate the development of prognostic biomarkers and effective treatments that might rescue damaged cells before they become symptomatic. The ability to distinguish normal from latently damaged cells at various pre-and postnatal stages of development provides an opportunity to further advance our knowledge of pathogenic mechanisms governing neurological disorders.
The damage of neural stem cells and young postmitotic neurons during brain development by various prenatal environmental factors (such as psychological stress, drugs, smoking, alcohol, radiation, and hypoxia) may become irreversibly retained in progeny neurons and glia via epigenetic mechanisms, thereby potentially increasing the vulnerability of exposed individuals to psychiatric disorders (2, 3) . That such a diverse group of risk factors cause similar disorders suggests fundamental cellular mechanisms that exert adverse effects on brain development irrespective of the type of stress (4) . Such mechanisms remain poorly understood, partly because of difficulties in distinguishing differentially affected cells in the brain before damage manifests clinically (5-7). However, no tools or methods currently exist that efficiently and specifically detect vulnerable cells. The availability of an appropriate biomarker capable of identifying vulnerable neurons during various stages of brain development is needed to significantly enhance our ability to identify and study mechanisms underlying neurological disease.
One potential candidate for such a marker is the Heat Shock Factor 1 (HSF1), a part of the Heat Shock Protein (HSP) signaling pathway known for stress-induced chaperone activity (8-10). A universally conserved cytoprotective mechanism present in organisms ranging from bacteria to humans, the heat shock response is induced by multiple forms of cellular stress (8) (9) (10) . HSF1 and HSPs are essential mediators of this response. Whether by heat stress or other stimuli, HSF1 is activated through sequential protein modification events including phosphorylation, sumoryzation, trimerization, and nuclear translocation. Activation then triggers the transcription of HSPs and other downstream target genes. More recently, HSF-1 has been identified as a key player in the initial steps of pathological brain development shortly after prenatal exposure to environmental risk factors, some of which have been implicated in the development of late-onset psychiatric disorders (4) .
In the present study, we use the molecular characteristics of the HSF1-HSP pathway to generate a reporter system that enables early detection of neurons stressed by various environmental and physical insults occurring well before the manifestation of symptoms. With a primary focus on environmental exposure models, we show that reporter-labeled cells that otherwise elude identification at early times postinsult indeed exhibit altered morphological and functional properties.
Results
Validation of the HSE-RFP Reporter for Detection of HSF1 Activation.
Using the cellular stress-inducible mechanisms of HSF1, we developed a reporter system (HSE-RFP) in which HSF1 binds to a Heat Shock-response Element (HSE) containing the mouse Hsp70 promoter to transcribe a Red Fluorescent Protein (RFP) reporter (Fig. 1A) . We first tested the specific detection of HSF1 activation by this HSE-RFP reporter system by in vivo gene
Significance
We have developed a fluorescence reporter system in mice capable of exposing neurons that survive prenatal damage but remain vulnerable in postnatal life. This reporter system can be exploited to study molecular and cellular mechanisms involved in neuronal response to stress and pathogenesis of various tissues and organs during development as well as in adulthood. transfer using in utero electroporation (IUE). Embryonic cortices of wild-type (CD-1) mice were electroporated at E14 with the pHSE-RFP plasmid or the pmutHSE-RFP plasmid [in which point mutations were introduced in the HSE gene to disrupt HSF1 binding to HSE (Fig. 1A) ], together with the caHSF1 expression plasmid (pCAGIG-caHSF1), which expresses a constitutively active form of HSF1 [caHSF1 = HSF1ΔRDT (11)] and Green Fluorescent Protein (GFP) under the ubiquitous CAG promoter. In 24 h, we observed strong RFP expression with the HSE-RFP reporter (Fig. 1 B,  D , and D') in neural progenitor cells but not with the mutHSE-RFP reporter ( Fig. 1 B and C) . Similar experiments without HSF1 (coelectroporated with an empty vector) or with other forms of HSF1 [the full-length wild-type and loss-of-function mutants (R71A and R71E)] (11) also did not induce reporter expression ( Fig. 1 B  and E) . The reporter was also confirmed to specifically detect endogenous Hsf1 activation induced by exposure to prenatal environmental stressors such as ethanol (EtOH). These results validate the specificity of the HSE-RFP reporter for detection of cells in which the HSF1-mediated stress pathway is activated.
Generation of the HSE-RFP Reporter Transgenic Mice. We next generated a transgenic mouse model of our reporter for broad application of the HSE-RFP reporter system in various organs and tissues at different ages. From the several founder lines, we obtained three that showed the RFP expression induced by caHSF1 expressed in the brain by IUE. Of note, we found that the HSE-RFP reporter transferred by IUE (Fig. 1) shows higher sensitivity in detecting HSF1 activity than in these transgenic lines (% of RFP + cells in caHSF1-expressing cells: IUE, 38.7 ± 5.8; Tg#B9, 9.24 ± 1.89; Tg#B11, 8.08 ± 1.77; Tg#B49, 7.10 ± 2.15; n ≥ 4 mice). Thus, the IUE-mediated reporter assay has an advantage in detecting cells with any level of HSF1 activation, whereas the transgenic reporter mice are useful in specifically detecting cells exhibiting high levels of the HSF1-mediated stress response. Line #B9, which showed the most robust RFP expression, was used in subsequent studies. As in the IUE-mediated reporter assay ( Fig. 1) , little RFP reporter expression was induced in these mice by the HSF1 full-length wild-type and loss-of-function mutants (R71A and R71E) transferred by IUE.
In Vitro Detection of Cells Affected by Environmental Factors. Next, we tested the applicability of the HSE-RFP reporter for in vitro experiments using primary neuronal cultures as a model system. Primary neuronal cultures were prepared from the embryonic cerebral cortex of the HSE-RFP reporter mice at E14. To assess reporter specificity and sensitivity, neurons were exposed to either EtOH at several different concentrations [from 0 (PBS only control) to 150 mM] or to heat shock (42°C for 1 h following incubation at 37°C). FACS analysis 12 h postexposure revealed that many neurons expressed the reporter at as low as 5 mM of EtOH. Further, the percentage of reporter + neurons increased with increasing concentrations of EtOH (Fig. S1A) . The reporter + neurons showed higher levels of reactive oxygen species (ROS) production ( Fig. S1 B and C), confirming that these neurons were under oxidative stress. The reporter expression was detectable 4 d after exposure (DAE) to EtOH (Fig. S1 D and F) . Similarly, reporter expression was detectable from as early as 8 h post-heat shock exposure in live neurons until at least 4 DAE (Fig. S1 D and  F) . In both the EtOH treatment and heat shock exposure, the RFP reporter-expressing cells did not overlap with markers of cell death throughout the observation period. Interestingly, HSE-RFP reporter-positive and -negative neurons in the same dish exhibited different morphologies at 4 DAE ( Fig. S1 G and H). This may reflect differential stress responses by distinct neuronal subtypes or may reflect different levels of stress among individual cells. In both EtOH and heat shock exposure, the reporter expression was no longer detectable at 14 DAE ( Fig. S1 E and F) . Given that the total number of neurons was similar between cultures with and without stress, it is likely that neurons that expressed the reporter at 4 DAE survive but lose the reporter expression by 14 DAE. Overall, the data obtained from in vitro experiments corroborate the data from in vivo experiments, demonstrating the reliability of the reporter system in both approaches.
Early in Vivo Detection of Cells Affected by Environmental Insults
Using HSE-RFP Reporter Mice. To evaluate the potential of the reporter mice for broad application to early detection of cellular damage, we first examined whether they can detect endogenous Hsf1 activation previously reported to be induced in the embryonic brain by exposure to prenatal environmental stressors (4). The HSE-RFP transgenic embryos were exposed to 2 g/kg EtOH in PBS or PBS only (control) by i.p. injection to the dam once daily from E14 to E16. Reporter expression was induced broadly throughout the bodies of a subset of animals, which was detectable even after birth (until at least P4) in live animals using an epifluorescence stereomicroscope ( Fig. 2A) . Reporter + cells were detected as early as 3 h after the second injection of EtOH at E15, in multiple organs and tissues including the brain, liver, heart, and eye, but not in PBS-exposed mice ( Fig. 2 B and C and Fig. S2 ). FACS analysis of the cells dissociated from EtOH-exposed E15 embryonic cerebral cortices revealed that the reporter + cells include a large proportion of Nestin + neural progenitor cells and fewer Tuj1
+ neurons (Fig. 2D ). We then tested the scalability of HSE-RFP reporter transgenic mice by exposing embryos to various environmental stressors, including chemical agents and physiological stimuli known to increase susceptibility to late-onset psychiatric disorders (Table 1) . Similar to EtOH, the activation of Hsf1-mediated stress response was detected not only in the brain but throughout the body of the reporter transgenic embryos, following maternal exposure to hyperglycemia, sodium arsenite, pentylenetetrazol (PTZ)-induced maternal seizure (4), lipopolysaccharide (LPS)-induced maternal inflammation, and suramin (a P2 receptor antagonist) (Figs. S3 and S4). In contrast, reporter expression was not induced by nicotine and valproic acid even at sublethal levels (Table 1) , consistent with the known specificity of Hsf1 activation by various types of stimuli (12) . We also found that the reporter mice are able to detect the impact of postnatal stressors such as EtOH, asphyxia, and X-ray exposure on brain cells (Fig. S3I and Table 1 ). The frequency of reporter-positive embryos/pups varied depending on the type of stimuli used, likely due to distinct differences in both the type and level of insult (Table 1) . Regardless of the type of stimuli, reporter expression in the brain was induced in both neural progenitor cells and glial cells (Fig. S3) .
Most importantly, our data demonstrated that the reporter + cells indeed have differential physiological features from their reporter − counterparts. An example of this is the effects of embryos exposed to suramin, in which reporter + cells in the cerebral cortex showed, at least temporarily, differential migration patterns from those of surrounding reporter − cells (Fig. S4) . Delayed migration of the reporter + cells was also observed in the embryonic cortex exposed to EtOH. These results demonstrate the power of our reporter system to detect cells in vivo that exhibit aberrant cellular phenotypes elicited by various types of environmental stressors both at early and later stages of brain development. develop a tool for addressing these questions, we modified our HSE-RFP reporter system to enable tracing of the descendant cells with the expression of GFP, using the Flippase-FRT recombination system (13) . Using the codon-optimized version of Flippase (FLPo) (14), we generated a plasmid that includes an HSE-FLPo cassette flanked by two LoxP sites (Fig. S5A ). When this plasmid is transferred into the FRT-GFP/CAG-Cre-ER transgenic mouse (15, 16) , FLPo is expressed upon exposure to stress, inducing GFP expression via FRT recombination. Subsequent administration of 4-Hydroxytamoxifen (4-OHT) activates Cre, which excises the floxed-HSE-FLPo cassette, thereby disabling further cell labeling (Fig. S5A) . Thus, the period of HSEdependent detection of Hsf1 activation can be controlled, while previously labeled cells can be traced by sustained GFP expression (Fig. S5A) . We tested this advanced reporter system by transferring the plasmids in the brain of FRT-GFP/CAG-Cre-ER mice using IUE at E15. pCAG-RFP was coelectroporated to mark the electroporated cells. After IUE, EtOH (or PBS control) was injected (i.p.) twice at E16 and E17. At P14, long after prenatal exposure to EtOH, we found that up to 41% of RFP + neuronal descendants of the electroporated neural progenitor cells express GFP in the cortex of EtOH-exposed animals but not in controls (Fig. S5B , n = 4 each). The GFP + cells were still detectable at P45 in EtOHexposed animals. As expected, a single injection of 4-OHT 6 h after IUE and before the first EtOH injection largely disabled the activation of this reporter system (Fig. S5B) . These results demonstrate that this modified reporter system successfully traces the descendants of the cells in which Flippase-FRT recombination has once occurred by Hsf1 activation. This system will enable comprehensive analyses to test whether there are any differences in epigenetic traits between reporter + and reporter − neurons.
Discussion
Cellular damage can be caused by many types of endogenous or exogenous injuries of varying severity and duration. Early and precise detection of cellular damage in tissues and organs caused by intentional or inadvertent exposure to harmful agents remains an unmet goal needed to facilitate advancements in both basic and clinical research. The availability of tools such as those described herein offers the possibility of identifying prognostic biomarkers with the potential to facilitate identification of effective treatments for conditions resulting from cellular injury.
In the present study, we used the HSF1-HSP signaling pathway, an evolutionally conserved cytoprotective mechanism (8-10) to develop a fluorescence reporter system for early and permanent detection of cells affected by environmental and physical insults. This HSE-based reporter may help identify subtle cellular injuries triggered by genetic, environmental, or physical factors through in vitro and in vivo analyses. Reporter + cells are found in limited tissue regions and in varied patterns among embryos upon exposure to environmental insults (Figs. S2 and S3 ). This heterogeneity may involve probabilistic activation of HSF1-HSP signaling in addition to potential influences of reporter sensitivity.
Our results show that the reporter + cells include a large proportion of neural progenitor cells but fewer neurons in the ETOHexposed embryonic cerebral cortex (Fig. 2D) . This is consistent with previous reports that neural differentiation is associated with a decreased induction of the heat shock response (8, 17) . Although the mechanism underlying this maturation-associated differential regulation remains unclear, attenuated HSF1 DNAbinding activity and less accessibility of the Hsp70 promoter due to histone deacetylase repression have been suggested (17, 18) . Because EtOH and many other environmental factors are known to cause oxidative stress (Fig. S1) (19, 20) and oxidation of HSF1 has been suggested to enhance HSF1 DNA-binding activity (21) , maturation-dependent oxidative intracellular environment (21) may also affect the differential heat shock response (17) . An alternative possibility is that prenatal exposure to EtOH may delay neuronal differentiation and maintain the immature state with higher heat shock response (22, 23) .
Although we focused on testing this reporter system in the nervous system, our data suggest that it can also detect potentially damaged cells in other organs such as heart, eye, and liver (Fig.  S2 ). For example, in addition to abnormalities in the central nervous system, patients with fetal alcohol spectrum disorder (FASD) caused by prenatal exposure to alcohol also exhibit characteristic abnormal facial features. Consistently, we observed reporter expression in the facial mesenchyme in alcohol-exposed embryos. Similarly, reporter expression may detect affected cells that contribute to the malformation of peripheral organs by other insults including such symptoms observed in maternal seizures [e.g., cleft lip/palate, congenital heart disease, low birth weight (24) (25) (26) ] and Fetal Valproate Syndrome [e.g., distinctive facial features, arachnodactyly, and heart abnormalities (27) ]. As such, characterization of the reporter + cells can be exploited to address The regimen for each stress exposure was determined based on the conditions that have shown effects on brain development in previous studies. The frequency of the observation of reporter expressions was determined based on the number of dishes (in vitro experiments) or animals (in vivo experiments). More detailed conditions are shown in Table S1 . kgw, kilogram weight.
various issues regarding cellular response, adaptation, and pathogenetic mechanisms in various tissues and organs during development as well as in adulthood.
One unique feature found in reporter + neurons was their shorter total process length but increased number of branches compared with reporter − neurons in the same in vitro cultures in response to both heat shock and EtOH (Fig. S1 G and H) . This inverse association can be due to direct impacts of these stressors on multiple independent mechanisms regulating numbers, length, and branching of neuronal processes (28) . Because our observation was made 4 d after 1 h of heat shock or 12 h of EtOH exposure, this phenotype may also include recovering processes from the direct impact of insults. Further analysis is required to clarify the mechanism.
It should be noted that our reporter system detects damaged cells in which the HSF1-HSP signaling pathway is activated in response to numerous but not all types of insults. For example, we did not detect reporter expression by nicotine or valproic acid ( Table 1) , both of which are also listed as prenatal environmental risk factors for neuropsychiatric disorders (1) . Using a similar approach to develop reporter systems based on the mechanisms of other stress pathways, such as ER (29, 30) , will significantly advance this research field. Furthermore, combining such reporters with the HSE-RFP reporter will also provide insights into how cells coordinate distinct molecular stress responses.
Materials and Methods
Generation of the HSE-RFP Reporter. Using Vista Genome Browser (pipeline. lbl.gov/cgi-bin/gateway2), we predicted the Hsp70 promoter region conserved across mammalian species. The sequence of this region was amplified by PCR from a mouse BAC clone that includes the Hsp70 gene and the surrounding genomic region (BACPAC). By sequencing, we confirmed that the 649-bp fragment obtained [see Mouse HSE Full Sequence (649 bp)] contains the target genomic region, which includes two HSF1 binding sites (HSE in Fig. 1 ). This PCR product was inserted into the BamHI site in the multiple cloning site of the pDsRed2-1 plasmid (Clontech) to generate the pHSE-RFP reporter plasmid. The mutant HSE [mutHSE, see Mouse mutHSE Full Sequence (649 bp)], which contains 14 point mutations to disable HSF1 binding, was generated using the Quickchange site-directed mutagenesis kit (Stratagene). Animals. All animals were handled according to protocols approved by the Institutional Animal Care and Use Committees of the Children's National Medical Center, the VA Connecticut Healthcare System, and Yale University. For generation of the HSE-RFP transgenic mice, the HSE-RFP fragment was excised and purified according to the standard protocol for microinjection. Microinjection into the C57BL/6J X SJL/J strain was performed by Yale animal genomics service. The founder lines were screened by PCR genotyping for RFP and confirmed by RFP fluorescence in the neonates from alcohol-treated dams under a dissecting microscope equipped with epifluorescence. From the obtained three founder lines (B9, B11, and B49), we selected the strongest (most sensitive) reporter line, B9, for the study. The embryos and pups from wild-type females crossed with HSE-RFP homozygous transgenic males were used. For the routine genotyping, oligonucleotide PCR primers (forward, 5′-AAGGTGTACGTGAAGCACCC-3′; reverse, 5′-CCCATGGTCTTCTTCTGCAT-3′) were used for the amplification of the 250 bp partial sequence of the DsRed2 gene with Hotstar taq DNA polymerase kit (Qiagen). FRT-GFP and CAG-CRE-ER mice were purchased from Jackson laboratory and were crossed to obtain double transgenic mice. 4-OHT (Sigma) diluted in corn oil at 20 mg/mL was administered to a subset of the double transgenic mice at 20 mg/kg body weight through i.p. injections. The same solution without 4-OHT was injected as the vehicle-only control. CD-1 mice were purchased from Jackson laboratory.
IUE. IUE was performed as previously described (31, 32) . All control experiments were performed using empty vectors at the same concentrations. Electroporated DNA constructs are pHSE-RFP and pmutHSE-RFP (1.0 μg/μL); pCAGIG-caHSF1, pCAGIG-HSF1 full, pCAGIG-HSF1R71A, and pCAGIG-HSF1R71E (0.5 μg/μL); pCAG-GFP and pCAG-RFP (0.5-2 μg/μL) (32, 33); and pHSE-FLPo (2 μg/μL). pHSE-FLPo was generated by inserting a synthesized oligonucleotide cassette of loxP-HSE-FLPo-polyA-loxP into pUC57 (Addgene).
Primary Culture of Embryonic Cortical Neurons. Cells were dissociated from the cerebral cortex of the transgenic mice at E17 and passaged on laminin-coated plates in DMEM (Life Technologies) containing N2 and B27 supplements (Life Technologies). Stress exposure in vitro is described below.
Exposure to Prenatal/Postnatal Stressors. Experimental paradigms, including the stress intensity/dose, duration, and the time of observation for individual experiments, are described in Results as well as shown in Table 1 (detailed in  Table S1 ). The conditions for prenatal EtOH exposure, in vitro EtOH exposure, and PTZ-induced maternal seizures were previously described (4, 34) . For in vivo exposure models, each chemical substrate was administered intraperitoneally once or multiple times once daily for the indicated duration to the pregnant mice (prenatal exposure models) or the pups (postnatal exposure models). For in vitro models, each substrate was added in culture medium for the indicated duration. All chemical substrates were dissolved in PBS, and PBS only was used as controls. For in vitro heat shock exposure, neurons were exposed to heat shock at 42°C for 1 h following incubation at 37°C. For X-ray irradiation and asphyxia, see below.
X-Ray Irradiation. Mice were transported to the Therapeutic Radiology Department at the Yale University School of Medical in accordance with VA and Yale transportation guidelines. Once there, mice were anesthetized with ketamine/xylazine (100/10 mg/kg, i.p.). Mice were then irradiated with a surface dose of 16 Gray confined to the cranium. The rest of the body was shielded by a lead apron. The radiotherapy machine (HRT 239, Siemens) was operated at 250 kV, 15 mA with a 0.5 mm CU and 1.0 mm A1 filter.
Asphyxia. Pups were subjected to intrauterine asphyxia; at E18, uterine horns were removed from anesthetized pregnant mice via cesarean section and kept in warm sterile PBS for 10 min at 37°C. The pups were then removed, stimulated for breathing by removal of the delivery fluid and tactile stimulation of the oral region, and left to recover in an incubator at 37°C. The recovery from asphyxia was assessed by observing the gasping, movement, and skin color of the pups. Then the pups were returned to the litter of the foster mom (CD-1).
Flow Cytometric Analysis. The cortex was dissected into small pieces in cold PBS and was incubated with TripLE Select (Invitrogen) at 37°C for 10 min. After the dissociation of cells, immunostaining was performed with PBS containing 0.5% BSA and 0.1% NaN3. LIVE∕DEAD Fixable Dead Cell Stain Kit was used for the staining of dead cells. Using Perm & Fix (Invitrogen), the cells were labeled with RFP-biotin (Abcam), Nestin-PerCP (SCBT), or Tuj1-FITC (eBioscience) (all used at 1:500) and Streptavidin-PE (eBioscience) (1:2,000). Antibody reaction was done for 30 min on ice. Recording and analysis were performed using BD LSRII with Green laser, DIVA software, and FlowJo (TreeStar). A total of 100,000 cells were recorded per sample.
Immunohistochemistry, Immunocytochemistry, and ROS Detection. Immunohistochemistry was performed following the methods previously described (31) . Pretreatment with 2N HCl was performed for Bromodeoxyuridine (BrdU) staining. The staining was amplified using biotin-conjugated secondary antibodies, VECTASTAIN ABC system (Vector), and TSA Plus system (PerkinElmer). Immunocytochemistry was performed following a standard protocol. Briefly, cells were fixed with 4% (wt/vol) paraformaldehyde for 10 min at room temperature and then washed with PBS three times. After blocking in PBS containing 2% (wt/vol) BSA for 1 h at room temperature, the cells were incubated with primary antibodies at 4°C overnight. After washing with PBS three times, the cells were incubated with secondary antibodies conjugated with Alexa Fluor 488 or 555 for 1 h at room temperature. We used the following primary antibodies: monoclonal mouse antiBrdU (1:100, BD Biosciences), anti-Tuj1 (1:500-1:1,000, Abcam), anti-MAP2 (1:500, EMD Millipore), polyclonal chicken anti-GFAP (1:1,000, Abcam), rabbit anti-Sox2 (1:1,000, Abcam), and anti-RFP-biotin (1:1,000, Abcam). ROS was detected using CM-H 2 DCFDA (ThermoFisher) following the manufacturer's protocol.
Imaging and Data Analysis. Tissue sections and cells were imaged using a Zeiss LSM510 confocal microscope. The imaging of postnatal pups was performed with a Zeiss Discovery V8 stereomicroscope. All quantitative data are presented as mean ± SEM unless otherwise noted. Statistical tests were performed to assess the significance of the results from multiple samples and/or experiments (at least n ≥ 4 for each experimental condition).
